A uracil-DNA glycosylase activity has been purified about 750-fold from the chloroplasts of light-grown Zea mays seedlings. This report represents the first direct demonstration of a DNA-glycosylase repair activity in chloroplasts. The activity, in part, was associated with a chloroplast Triton X-100 sensitive membrane. Its apparent K,. was 1.0 micromolar for a poly(dA-dT/U) substrate, and its molecular weight, as determined by gel filtration, was 18,000. The enzyme exhibited optimal activity at pH 7.0 with an atypically narrow pH tolerance. Activity was inhibited greater than 60% by 10 millimolar NaCl, 5 millimolar MgC12, or 5 millimolar EDTA. Enzyme activity was inhibited 80% by 10 millimolar N-ethylmaleimide, a sulfhydryl group-blocking agent. The activity removed uracil more rapidly from single-stranded DNA than from doublestranded DNA. With this report, uracil-DNA glycosylase activity has now been attributed to all three DNA-containing organelles of eucaryotic cells.
dUMP3-containing DNA was first reported in Escherichia coli (10, 30) . A more detailed investigation of this activity defined the reaction products to be free uracil and an apyrimidinic site in an unincised DNA strand. This activity, since reported from procaryotic (8, 15) , plant (3, 5, 25) , and mammalian sources (13) has been named uracil-DNA glycosylase.
The major means for introducing dUMP into DNA in vivo are via a deamination of cytosine moieties (16) , and by the incorporation of dUMP in place of dTMP by DNA polymerase activities (4) . While the incorporation of dUMP base paired with dAMP appears to have little if any deleterious effects on growing cells (28) , the deamination of cytosine yields a U-G base pair and thus a potential transition to a U-A base pair following DNA ' replication. dUMP residues opposite either dAMP or dGMP are both removed by uracil-DNA glycosylase (15) . Organellar reports of uracil-DNA glycosylase activity include nuclear and mitochondrial fractions of human KB cells (1) , rat hepatoma cells (14) and dark grown Zea mays leaf tissues (3) .
With this paper we make the initial report of a uracil-DNA glycosylase activity in the third DNA-containing organelle of eucaryotic cells, the chloroplast.
MATERIALS AND METHODS Materials. Materials for DNA preparations were obtained as follows: calf thymus DNA was from Sigma, poly(dA-dT) from Calbiochem-Behring, and the [5-3H] dUTP (1 mCi/ml, 15 Ci/ mmol) was purchased from Moravek Biochemicals.
Column chromatography was performed using DEAE-cellulose from Sigma, and Affigel Blue and Dowex AGI-X8 from Bio-Rad. Immersible CX-10 ultrafiltration units were purchased from Millipore. Triton X-100, Tween-20, protein standards and ferrocytochrome c were obtained from Sigma. Miracloth was purchased from Calbiochem-Behring.
Preparation of Uracil-Containing Substrates. Nick translatedcalf thymus DNA was prepared as described by Krokan and Wittwer (13) . Thus, all of the radioactivity was found in the [5-3H] dUMP moieties ofthe DNA. There were approximately 3000 cpm per 6.8 x 10-8 mol dNMP, 1 .5% of which were dUMP.
The poly(dA-dT/U) substrate was prepared as described by Blaisdell and Warner (5) , with the ratio of dUMP:dTMP in the final product 30:70. There were approximately 3000 cpm per 1.5 x 10-8 mol of dNMP, 15% of which were dUMP.
Standard Uracil-DNA Glycosylase Assay Conditions. The standard assay mixture included 0.1 M N-2-Hepes (pH 7.2), 1 mM EDTA (pH 7.5), 0.01 mg BSA, 3 mM DTT, 0.1% (v/v) Triton X-100, [5-3H] dUMP-labeled nick translated calf thymus DNA (3000 cpm per assay, 5 x 10-4 gmol of dUMP per assay) or poly(dA-dT/U) (4000 cpm and 1.5 x l0-,umol dUMP per assay) and enzyme to a final volume of 300 ,l. This assay mixture was incubated at 37°C for 15 min. All assays were performed within the linear range of uracil removal which extended from zero to approximately 70% of the substrate uracil content. Incubation was terminated by the addition of 0.8 ml of 0.1 M ammonium formate (pH 4.3), followed by 10 min on ice. The resulting solution was then applied to an AG1-HCOO-column of 0.26 ml volume and the eluate and a subsequent 0.5 ml water wash were collected in a scintillation vial to which 10 ml of Aquasol II was added prior to counting in a Beckman LS7000 scintillation counter. Free uracil, a reaction product, passes through the column as part of the eluate while nucleotides and oligonucleotides are bound. One unit of activity was defined as the amount of enzyme that catalyzed the release of 1 pmol of uracil per min at 37°C.
Organelle Marker Assays. Chl content was determined as described by Amnon (2) . Cyt c oxidase activity, a mitochondrial marker, was measured as described by Brambl (7). The assay, in a total volume of 1 ml, contained 0.1 M K-phosphate (pH 5.9), 1% (v/v) Tween 20, and 15 AM ferrocytochrome c (>95% reduced). Fractions to be assayed were added to the assay mixture and the initial linear change of A550 with time was recorded. Protein Assays. All protein assays were performed using the Bradford dye binding technique which tolerated the levels of Triton X-100 often present and was capable of detecting Ag quantities of protein (6) .
Growth of Seedlings and Isolation of Chloroplasts. Seeds of Zea mays A632HT, obtained from the Minnesota Seed Crop Improvement Association, were imbibed in water overnight, then planted and grown at 30°C in 30 x 60 cm trays containing wellwatered vermiculite. Following 2 d of germination in the dark, the plants were exposed to continuous light until harvested at 9 to 12 d postimbibition.
Chl-containing tissues were collected by cutting the shoots immediately below the stem site where the adventitious roots extrude. Harvested shoots were weighed and placed in TMB buffer with 0.5 M sucrose at 4°C (TMB buffer contains 10 mM Tris/Cl [pH 7 .0], 5 mM MgCl2, 10 mM 2-hydroxyethylmercaptan), using I to 4 ml of buffer per g of tissue. The shoots were then thoroughly chopped with sharp scissors, and the resulting suspension was filtered first through eight layers of cheesecloth and then two layers of Miracloth. This filtrate was centrifuged for 5 min at lOOg, using an SS34 rotor in a Sorval RC2-B centrifuge to pellet cellular debris and nuclei. The supernatant from this spin was recentrifuged at 500g, for 5 min. This chloroplast containing pellet was resuspended in a small volume of the harvesting buffer and placed on the top of a 12 ml, 35 to 45% sucrose-TMB buffer gradient containing a 1 ml 50% sucrose-TMB buffer pad. This gradient was then centrifuged at 34,400g for 1 h using an SW41 rotor in a Beckman L5-50 ultracentrifuge. The chloroplasts typically banded slightly above the 45%/50% interface and contaminating nuclei pelleted through the 50% pad. The chloroplast band was removed and its sucrose molarity slowly reduced to approximately 0.6 M sucrose-TMB buffer by adding TMB buffer. This suspension was then centrifuged at 15OOg for 5 min to pellet the chloroplasts. Depending upon need, these pellets, described as fraction I chloroplasts, were either used immediately or quick frozen in a -60°C acetone-dry ice bath for future use.
Enzyme Purification. Light-grown 9 and 12 d old maize seedlings (176 g) were harvested as described above. Fraction I chloroplasts were treated with 0.5% (v/v) Triton X-100, held on ice for 30 min with intermittent mixing, and subsequently diluted 10-fold in column starting buffer, KBE (0.002 M K-phosphate [pH 6.5], 10 mm 2-hydroxyethylmercaptan, and I mM EDTA). The resulting solution was applied to a 5 ml DEAE-cellulose column equilibrated in the same KBE buffer. A 50 ml, 0.002 to 0.1 M K-phosphate (pH 6.5), gradient with a 2.5 ml 0.5 M final wash was run, and 1.25 ml fractions were collected and assayed for uracil-DNA glycosylase activity, protein content, and conductivity. Peak activity fractions were pooled, concentrated, and reduced in ionic strength to 0.002 M K-phosphate (pH 6.5), using a Millipore CX-10 ultrafiltration filter.
The concentrate, described as fraction II, was then applied to a 6 ml Affigel Blue column equilibrated in the same KBE buffer.
Again, a 50 ml gradient, this time 0.002 to 0.8 M K-phosphate (pH 6.5), was run, and 1.25 ml fractions were collected and assayed for uracil-DNA glycosylase activity and conductivity. The resulting activity peak was pooled, concentrated, identified as fraction III, and used in the characterization studies. RESULTS Sucrose Gradient Profile. The 35 to 45% sucrose gradient, described in the "Materials and Methods," was analyzed for the distribution of Cyt c oxidase activity, a mitochondrial marker; Chl, a chloroplast marker; and for uracil-DNA glycosylase activity. The results, shown in Figure 1 , indicated that mitochondria did not enter the gradient and that the position of uracil-DNA glycosylase activity in the gradient correlated with the position of the chloroplasts. This comigration was viewed as evidence of an association between chloroplasts and glycosylase activity. The nature of this association was next addressed.
Triton-Enhanced Activity. Chloroplasts obtained from the 35 to 45% sucrose gradient and equilibrated with 0.5 M sucrose TMB-buffer (fraction I chloroplasts) were assayed for uracil-DNA glycosylase activity. Standard assay conditions were adjusted to include 0.5 M sucrose so as to maintain chloroplast envelope integrity in the absence of added Triton X-100. Triton X-100, which lyses the chloroplast membranes was added to the assay at the concentrations shown in Figure 2 . Activity was observed to increase 3-to 4-fold at concentrations of 0.05% and above, indicating that the lysis of the chloroplast envelope resulted in allowing otherwise unavailable uracil-DNA glycosylase to act on its substrate. From this we concluded that the uracil-DNA glycosylase activity associated with the chloroplast fraction might be internally sequestered.
Suborganellar Location. Fraction I chloroplasts were osmotically shocked by 25-fold dilution in 50 mm K-phosphate (pH 7.5) containing 0.02% (w/v) BSA, and held on ice for 15 min with intermittent mixing. This suspension was centrifuged for 20 min at 20,000g, with the pellet identified as membranous and the supernatant as soluble or stromal (23) . Table I essentially equal distribution of uracil-DNA glycosylase activity between the two fractions. Retreatment of the pellet failed to solubilize significant additional activity.
To further investigate the nature of the association which caused 48% of the activity to pellet, the 20,000 pellet was treated with 0.1 % (v/v) Triton X-100 and then recentrifuged at 20,000g. The result of this treatment, also shown in Table I , indicated that the dispersal of the membrane by Triton X-100 liberates over 90% of the activity from the pellet. This indicated that the initial pelleting ofthe activity was most likely due to a membrane association of the activity, possibly by means of an association of the enzyme with membrane bound DNA.
Enzyme Purification. The results ofthe uracil-DNA glycosylase purification are given in Table II and illustrated in Figure 3 . Triton X-100 treated fraction I chloroplasts, from the sucrose gradient were applied first to a DEAE-cellulose column with a shallow gradient to remove any DNA bound to the glycosylase. The 0.002 to 0.1 M gradient was followed by a 2.5 ml 0.5 M wash to ensure that no activity was still bound to the column. This wash allowed us to determine that 90% of total chloroplast proteins passed unbound through the DEAE-cellulose under the experimental conditions used.
The pooled and concentrated activity peak from the DEAEcellulose column did not bind to an Affigel Blue column under conditions which uracil-DNA glycosylases from maize nuclei and mitochondria have been shown to bind (3). The Affigel Blue column, therefore, allowed for the separation of the chloroplast uracil-DNA glycosylase activity from possible contaminating nuclear and mitochondrial activities. The protein content of the individual Affigel Blue fractions was too low to be measured.
Properties of the Chloroplast Enzyme. The apparent Km of the chloroplast uracil-DNA glycosylase, as shown in Figure 4 , was determined to be 1.0 x 10-6 M using standard assay conditions and poly(dA-dT/U) as the substrate.
Fraction I chloroplasts treated with 0.1% (v/v) Triton X-100 were applied to a Sephadex G-100 gel filtration column equilibrated with 0.5 M KCI, 0.01 M K-phosphate (pH 6.5), 1 mm EDTA, 10 mm 2-hydroxyethylmercaptan, and 0.1% (w/v) Triton X-100. Based on a semilog plot of standards (alkaline phosphatase, ovalbumin, and Cyt c), eluted under similar conditions, a mol wt of 18,000 was estimated for the chloroplast uracil-DNA glycosylase.
The enzyme was assayed under standard assay conditions at various temperatures. The chloroplast glycosylase was maximally active at assay temperatures between 30 and 37°C. At 21 and 45°C activity decreased to 50% of the optimal rate, with no activity observed at 3 and 55°C. The glycosylase showed an unusually narrow tolerance for the pH of the standard assay mixture (Fig. 5) , demonstrating in three separate assays an optimal activity at pH 7.0 and only 20 to 30% of that rate at pH 6.5 and 7.5
The chloroplast uracil-DNA glycosylase activity was shown to be very sensitive to ions added to the standard assay mixture. The addition of 5 mM MgCl2 or EDTA led to a 90 or 80% inhibition ofactivity, respectively. Similarly 5 mm NaCl inhibited activity by 60%. This contrasts with the Escherichia coli uracil-DNA glycosylase, which was not inhibited by 1 mm EDTA, was 20 to 30% inhibited by 5 mM MgCl2 and showed only 15% inhibition of activity with 50 mM NaCl (15) .
N-Ethylmaleimide, a sulfhydryl group-blocking agent, was shown to inhibit activity by 80% at 10 mm concentrations.
Substrate Preference. The glycosylase showed a slight preference for single-strand DNA substrate over double-stranded DNA substrate. Heat denatured dUMP-containing calf thymus DNA was compared with undenatured dUMP-containing calf thymus DNA as a substrate for chloroplast uracil-DNA glycosylase activity, and uracil was shown to be removed from single-stranded DNA at a rate 120% of the double-stranded DNA.
DISCUSSION
In this paper we report the first identification and characterization of uracil-DNA glycosylase activity from chloroplasts. Thus, all three eucaryotic DNA-containing organelles: nuclei, chloroplasts and mitochondria have now been shown to contain uracil-DNA glycosylase activity.
The investigation of chloroplast DNA repair activities has, to this point, been very limited. Both light-enhanced and lightindependent removal of UV-induced pyrimidine dimers in Chlamydomonas reinhardii chloroplasts has been reported (22) , but no enzymological work has been performed to determine the nature of this repair. The uracil-DNA glycosylase activity we described in this paper most likely represents, as in E. coli, an initial step in a base excision repair pathway, which subsequently involves apurinic/apyrimidinic (AP) endonuclease, DNA polymerase, and finally DNA ligase activities to complete the repair of the damage. It seems reasonable to predict that apyrimidinic sites created by chloroplast uracil-DNA glycosylase will in turn be processed by a pathway similar to that in E. coli, and, indeed, AP endonucleases have been reported in Phaseolus multiflorus (26) and barley (24) chloroplasts. Pea (17) and spinach (21) chloroplasts have been shown to contain DNA polymerases, and DNA ligase activity has also been identified in pea chloroplasts (1 1). Uracil-DNA glycosylase activities from nuclear and mitochondrial fractions of Zea mays seedlings have also been identified by these authors and are demonstrably distinct activities (3) . The chloroplastic activity was purified about 750-fold from light-grown corn seedling chloroplasts, and has a mol wt of approximately 18,000 as determined by gel filtration. This mol wt is smaller than most uracil-DNA glycosylases, which are typically 24,000 to 27,000 (8, 9, 15) , but is within the known range, 16,000 to 30,000, for uracil-DNA glycosylase from various sources ( 13, 25, 27) .
Reported Km values for uracil-DNA glycosylase activities range from 1.1 x lo-' M in yeast cells (9) may also have led to the unusual sensitivity of the activity to ionic changes. Alternatively, the chloroplastic uracil-DNA glycosylase may be functionally important only in dividing prephotosynthetic plastids which would presumably not be subjected to similar broad pH changes.
The chloroplast uracil-DNA glycosylase activity was also found to be unique from previously reported uracil-DNA glycosylases in its marked sensitivity to N-ethylmaleimide. Based on mechanistic models for cleavage of N-glycosyl bonds, the N-ethylmaleimide sensitive amino acid, cysteine, is an excellent candidate to act as the nucleophile believed to attack the 6-position of the uracil ring and thus initiate glycolytic cleavage of the base from the DNA (12, 18, 19) . Interestingly, the E. coli uracil-DNA glycosylase activity, which contains only one cysteine residue, has been shown to be sensitive to the hydrophobic sulfhydryl group blocking agent, p-mercuribenzoate. Additionally T4-induced UV endonuclease, which contains a thymine dimer glycosylase activity, has recently been shown to have only one cysteine residue whose sensitivity to sulfhydryl group blocking agents has yet to be tested (20, 29) . This sensitivity of the chloroplast uracil-DNA glycosylase may prove to be a clue to understanding the mechanism of N-glycosylic bond cleavage.
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The enzyme's narrow pH tolerance and sensitivity to ions is not only unusual for uracil-DNA glycosylases, but surprising considering the fluctuations of pH intrinsic to the microenvironment of the photosynthetically active chloroplast. This low tolerance, coupled with evidence that the activity is at least in part membrane-associated, may indicate a suborganellar sequestering of the activity which would both allow for the avoidance of the massive pH changes occurring in the chloroplast, and at the same time maintain an accessibility to the DNA substrate. The destruction of an enzyme-membrane association during purification 
